and was suggested to be an exogenous (and possibly also endogenous) transnitrosylation agent, reactive at cysteine residues of GRK2. Cysteine-based S-nitrosothiols, such as GSNO and S-nitrosocysteine, are highly water soluble but are unstable and prone to decompose in aerated solutions as a result of their weak S-N(O) bond (Figure 2 ). 20 GSNO releases NO radical in water through homolytic bond cleavage of the S-N(O) bond, and also GSNO is readily reduced by single-electron reductants to release NO. 20, 21 Therefore, new classes of drugs that target GRK2 are desirable. Here, we have synthesized a new class of nitrosylation agent that is designed to target GRK2 through transnitrosylation to avoid reductive, homolytic chemistry. Although endogenous N-nitrosamines are thought to play similar physiological roles to S-nitrosothiols, 22 their nitrosylation reactivities and their contributions to biological events have been little understood. In this study, we aimed to generate watersoluble N-nitrosamines (WNNOs) of 7-azabicyclo[2.2.1] heptanes, which resemble conformationally constrained N-nitrosoproline derivatives (Figure 1 ). 23, 24 We found that the resulting compounds were soluble and stable in water, and they exhibit nitrosylation reactivity to thiols, which could be used as functional mimics of GSNO in terms of S-nitrosylation but not in terms of direct generation of NO. We also examined the ability of these WNNOs to block desensitization of β 2 -AR signaling on agonist (ISO) stimulation.
Methods

Biological Studies
cAMP Assay cAMP accumulation in intact cells was assayed as described previously. [25] [26] [27] Briefly, for measuring intracellular cAMP, HEK293 cells or rat cardiac myocytes in 24-well plates prelabeled with [ 3 H]adenine (0.5-2 μCi/well for 24 hours) were washed once with HEPESbuffered DMEM and incubated (37°C for 30 minutes) in the same medium containing 1 mmol/L 3-isobutyl 1-metylxanthine with or without ISO and WNNOs. The reaction was terminated by aspiration and by the immediate addition of ice-cold 5% trichloroacetic acid with 1 mmol/L cAMP/ATP (0.5 mL/well). [ [25] [26] [27] 
Cell Surface ELISA
The cell surface expression of exogenous receptors in HEK293 cells stably expressing FLAG-tagged human β 2 -AR was quantified by ELISA. 28, 29 One day before the assay, cells were seeded into 12-well plates. At 20 hours before the assay, cells were pretreated with 30 μmol/L WNNO7 or GSNO, and 2 hours or 30 minutes before the assay, the cells were pretreated with 10 μmol/L ISO. At the assay, the cells were washed twice with ice-cold 1% BSA-PBS placed on ice for 5 minutes and incubated in an anti-FLAG antibody solution (1:4000) diluted in 1% BSA-PBS for 1 hour at 4°C. This was followed by 2 further washes in 1% BSA-PBS. The cells were next fixed at 4°C for 15 minutes in 4% paraformaldehyde-PBS and again washed twice by 1% BSA-PBS and incubated in anti-mouse horseradish peroxidase-conjugated secondary antibody solution (1:12000) diluted in 1% BSA-PBS for 1 hour at room temperature. This was followed by 2 washes in 1% BSA-PBS for 20 minutes and a final wash in PBS. Finally, the cells were treated with substrate (o-phenylenediamine dihydrochloride; Sigma, St. Louis, MO) for 5 minutes at room temperature. This reaction was stopped by the addition of an equivalent volume of 2.5 N aqueous HCl. The absorption levels were then read at 492 nm using a plate reader (BioRad, Hercules, CA).
Non-standard Abbreviations and Acronyms
Phosphorylation Assay of Human β 2 -AR Using Autoradiography
Phosphorylation of exogenous receptors in HEK293 cells stably expressing FLAG-tagged human β 2 -AR was quantified by autoradiography. At 1 day before the assay, the cells were seeded into 60-mm dishes. At 20 hours before performing the assay, the cells were pretreated with 100 μmol/L WNNO7 or GSNO, and 4 hours before the assay, the medium was changed into phosphate-free medium supplemented with [ 32 P]orthophosphoric acid (100 μCi/mL) and 1% fetal bovine serum with or without 100 μmol/L WNNO7 or GSNO. At the assay, the cells were stimulated with 10 μmol/L ISO for 10 minutes and put on ice. The cells were then washed twice with ice-cold PBS and lyzed in ice-cold lysis buffer (50 mmol/L Tris-HCl [pH 7.4], 100 mmol/L NaCl, 2 mmol/L Na-orthovanadate, 10 mmol/L Na-PPi, 100 mmol/L NaF, 1 mmol/L dithiothreitol, protease inhibitors, and 1% sodium dodecyl sulfate) on ice by gently shaking each for 5 minutes. After 30 minutes, cell lysates were collected in tube and centrifuged at 20 000 g for 10 minutes at 4°C. Supernatants were incubated with 2 μg monoclonal anti-Flag antibody (Sigma) for 1 hour at 4°C and absorbed to protein G plus Sepharose (Santa Cruz) for 1 hour at 4°C. Bound complexes were washed 3× with immunoprecipitation buffer (50 mmol/L Tris-HCl [pH 7.4], 100 mmol/L NaCl, 2 mmol/L Na-orthovanadate, 10 mmol/L PPi, 100 mmol/L NaF, 1 mmol/L dithiothreitol, protease inhibitors, 1% NP-40, and 0.5% sodium dodecyl sulfate). Proteins were separated by boiling with gel loading buffer and then subjected to SDS-PAGE. The gel was stained with Coomassie brilliant blue (R-250) and dried. 32 P incorporation was detected by autoradiography using image scanner.
Biotin Switch Assay
The biotin switch assay was performed, as described, 18 with the following modifications. For in vitro assay, cells overexpressing FLAGtagged GRK2 (wild type or C340S) were lyzed in lysis buffer (50 mmol/L Tris-HCl [pH 7.4], 1 mmol/L EDTA, 1% Triton X, 200 mmol/L NaCl, and proteinase inhibitors) and centrifuged at 10 000g for 5 minutes at 4°C. The supernatant was immunoprecipitated with monoclonal anti-FLAG antibody by rotating for 2 hours. Protein G was subsequently added and rotated for 1 hour. The resin was washed and resuspended in HEN buffer (250 mmol/L HEPES, pH 7.7, 1 mmol/L EDTA, 0.1 mmol/L neocuproine). Immunoprecipitated FLAG-tagged GRK2 was incubated in an indicated concentration of GSNO, WNNO6, or WNNO7 for indicated times at room temperature in the dark (nitrosylation), subsequently incubated with 20 mmol/L S-methylmethane thiosulfonate in 2.5% sodium dodecyl sulfate at 50°C for 20 minutes (blocking of free thiols), and centrifuged. The supernatant was incubated with 50 mmol/L sodium ascorbate and 0.25 mg/mL N-[6-(Biotinamido)hexyl]-3'-(2'-pyridyldithio)propionamide at room temperature for 90 minutes (biotinylation), and 6× sample buffer was added and the samples were separated on 11% SDS-PAGE and immunoblotted for biotin by anti-streptavidin-horseradish peroxidase. Intact cell assay was performed essentially in the dark. Cells expressing FLAG-tagged GRK2 were incubated for 24 hours in 30 μmol/L WNNO6 or WNNO7 and lyzed in lysis buffer, followed by the in vitro biotin switch assay, as described. In short, the lysate was immunoprecipitated with anti-FLAG antibody, and protein G was added. After washing, resin was resuspended in HEN buffer. Free thiols of FLAGtagged GRK2 were blocked and biotinylated, followed by separation and immunoblotting.
General Methods for Synthesis
All the reagents were commercially available and used without further purification, unless otherwise noted. All the NMR data were recorded on a Bruker Avance 400 NMR spectrometer (400 MHz for 1 H-NMR and 100 MHz for 13 C-NMR). d-CDCl 3 was used as a solvent, unless otherwise noted. Chemical shifts (δ) are reported in ppm with respect to an internal tetramethylsilane (δ=0 ppm) or undeuterated residual solvent (ie, CHCl 3 [δ=7.265 ppm]). Coupling constants are given in hertz. High-resolution mass spectrometry was obtained by electron spray ionization time-of-flight detection mode, and the mass spectra were recorded on a Bruker micrOTOF-05. Column chromatography was performed on silica gel (silica gel 60N [100-210 mm]; Kanto Chemicals, Japan). All the melting points were measured with a Yanaco micro-melting point apparatus and are uncorrected. Microwave heating was performed on a Biotage Initiator system (400W). Combustion analyses were performed in the microanalysis laboratory of this faculty in Graduate School of Pharmaceutical Sciences.
Synthesis
The details of the synthesis are shown in the Online Data Supplement.
Griess Assay
A 10% aqueous solution of sulfanilamide (1 g) in distilled water (10 mL) and phosphoric acid (4 mL) and a 1% aqueous solution of N-(1-naphthyl)ethylenediamine dihydrochloride (100 mg) in distilled water (10 mL) were prepared. To a mixture of equal volumes of the above 2 solutions, a solution of WNNO in water was added to obtain a final concentration of WNNO of 25, 50, or 100 µmol/L in water. After 5 hours at 37°C, the absorbance at 570 nm was measured. The absorption increased time-dependently.
Kinetic Studies by Means of UV-Visible Spectroscopy
The UV-visible spectra were recorded on JASCO V-550 spectrometer. The bandwidth was 2.0 nm, the scan speed was 200 nm/min, and the data acquisition interval was 1 nm. Spectroscopic grade chloroform was purchased and used without further purification. PBS buffer (pH 7.4) was also purchased from Wako Pure Chemicals (Japan). We estimated the kinetic constants of the transnitrosylation reaction of some of the WNNOs with triphenylmethylthiol in chloroform. The second-order rate constants for WNNO in chloroform k obs was obtained under conditions where the concentrations of the N-nitrosamine and the thiol are the same, that is, a single-component approximation of a second-order reaction. That is, to a solution of WNNO (1500 μL, 10 mmol/L) in chloroform (1200 μL), a solution of thiol (300 μL, 50 mmol/L) was mixed at the specified temperature. The final concentrations of WNNO7 and the thiol were 5 mmol/L, respectively. The sample was prepared in a UV cuvette, and the spectrum was monitored at 37°C. The initial appearance of the S-nitrosotriphenylmethylthiol was monitored by following the optical density at 603 nm. An expanded Methods section is available in the Online Data Supplement.
Results
Successful Synthesis of Water-Soluble and Stable Compounds Inducing S-Nitrosylation Without NO Release
To confirm that S-nitrosylation without NO generation can rescue β-AR from desensitization and to obtain practically useful drugs, we have developed a series of water-soluble compounds that may induce S-nitrosylation and yet do not generate NO. We synthesized a series of ethylene glycolcontaining molecules (WNNOs; Figure 1 ), which exhibited different strengths of the N-NO bond, as estimated by Griess assay (diazo-coupling-based dye formation assay under acidic conditions) in 100% H 2 O (Figure 1 ). 30 The evaluation of water solubility of WNNO6 and WNNO6a-b (see Online  Table I ) indicated that the triethylene glycol unit affords adequate water solubility. The single carboxylic acid functionality of compound WNNO5 (Figure 1 ) did not significantly improve the aqueous solubility (2 mmol/L; Online Table I ). We thus synthesized the triethylene glycol-appended analogs WNNO7 and WNNO8 (Figure 1 ; Online Schemes I and II) and examined their water solubility (Online Table I ). The triethylene glycol-conjugated N-nitroso α-proline WNNO9 (Figure 1) was also synthesized as a model compound of endogenous water-soluble nitrosamines. These triethylene glycol-substituted compounds (WNNO7-9) showed good water solubility (>50 mmol/L; Online Table I ). All these WNNOs are stable in 100% water, and the 1 H NMR spectra in D 2 O did not change at ambient temperature for at least a week. To estimate the N-NO bond strength, we performed Griess assays in 100% water (Figure 1 ). The present Griess assay results showed that the introduction of the triethylene glycol moiety has little effect on the N-NO bond reactivity. That is, the order of attenuation of the N-NO bond strength of WNNOs in 100% water is WNNO7>WNNO6>WNNO8>>>WNNO9, as judged from the amount of dye formation in the Griess assay. This trend corresponds well to the S-nitrosylation reactivities (Figure 3 ). Furthermore, these WNNOs do not release NO radical by themselves under neutral aqueous conditions in the absence and presence of a thiol (glutathione; Figure 2 ). These results are in sharp contrast to the fact that GSNO releases NO radical in water spontaneously, particularly in the presence of excess glutathione (thiol form; Figure 2 ). 31 S-nitrosylation reactivities of the WNNOs were evaluated with triphenylmethylthiol as a model thiol in CHCl 3 . The pegylated WNNOs are soluble in both water and CHCl 3 , but triphenylmethylthiol is insoluble in water, whereas GSNO is insoluble in CHCl 3 , and is known to be unstable in the presence of excess glutathione (thiol form) in water (Figure 2 ). 31 The nitrosylation reactivities can be represented in terms of the initial rates of S-nitrosylation of triphenylmethylthiol by WNNOs in CHCl 3 to give S-nitrosotriphenylmethylthiol ( Figure 3 and Online Figure I ). The S-nitrosylation reactions of WNNO6, WNNO7, and WNNO8 were detected at 37°C, whereas that of WNNO9 was not. The increasing order of the transnitrosylation reactivities, estimated from the initial rates of the nitrosylation reaction is WNNO7>WNNO6>WNNO8>>>WNNO9. Unfortunately, the nitrosylation activity of GSNO cannot be measured under the similar conditions. Nevertheless, WNNO 7 could be used as functional mimics of GSNO at least partially in terms of S-nitrosylation but not in terms of direct generation of NO.
Inhibition of Desensitization of β 2 -AR on Agonist (ISO) Stimulation by Application of WNNOs
The groups of Lefkowitz and Stamler recently reported that GSNO can inhibit desensitization of β 2 -AR, at least in part, by nitrosylating and thereby inactivating GRK2, which plays a key role in desensitization of β 2 -AR. 18 However, GSNO also generates NO, which might have an additional effect on β 2 -AR desensitization. 32, 33 Therefore, we examined whether our WNNOs could block desensitization/internalization of β 2 -AR on agonist (ISO) stimulation in HEK293 cells stably overexpressing human β 2 -AR. Preincubation of the HEK cells with WNNO6 or WNNO7 for 12 hours, followed by administration of ISO (1 µmol/L) for 30 minutes, resulted in an increase in cAMP accumulation, which suggested that WNNOs might inhibit desensitization of β 2 -AR ( Figure 4A ). 18 Increasing the preincubation time with WNNO6 and WNNO7 from 1 hour to 24 hours caused a further increase in cAMP accumulation on ISO stimulation ( Figure 4B ). The increase in cAMP accumulation (ie, increase in β 2 -AR signaling) by WNNO6 and WNNO7 was dose-dependent ( Figure 4A ). When we incubated the cells with water-insoluble N-nitrosamines with the aid of cosolvent dimethyl sulfoxide (<1%), the resultant changes of cAMP on ISO stimulation were no longer reproducible, although the protocol was unchanged (data not shown). The reason for this is probably that dimethyl sulfoxide perturbed the cell membranes during the preincubation period. The N-nitrosoproline mimic WNNO9 did not show any effect on cAMP production. The order of magnitude of the increase of cAMP in the presence of WNNOs, that is, WNNO7>WNNO6>>>WNNO9, under the dimethyl sulfoxide-free conditions ( Figure 4A and 4B ) corresponds well to the order of S-nitrosylation reactivities of the WNNOs, as estimated in terms of the reaction of the WNNOs with triphenylmethylthiol ( Figure 3 ). This observation is consistent with the hypothesis that S-nitrosylation, probably of GRK2, is involved in the inhibition of desensitization of agonist-activated β 2 -AR. 18 This conclusion is further supported by the fact that the N-nitrosoproline mimic WNNO9, which exhibited no S-nitrosylation reactivity (Online Figure I) , had no effect on the cAMP accumulation ( Figure 4A and 4B) . Water-soluble N-nitrosamines (WNNOs) and S-nitrosoglutathione (GSNO) potentiate β2-adrenergic receptor (β 2 -AR)-dependent cAMP accumulation. A, Dosedependency. HEK293 cells stably expressing FLAG-tagged human β 2 -AR were incubated at 37°C for 30 minutes with 1 mmol/L 3-isobutyl 1-methylxanthine (IBMX) and with or without 1 μmol/L isoproterenol (ISO), and cAMP accumulation was determined as described in the Methods section. Before the assay, the cells were incubated with indicated concentrations of WNNOs or GSNO for 12 hours. B, Time course. The cells were incubated with 1 μmol/L isoproterenol, and cAMP accumulation was determined as described in A. Before the assay, the cells were incubated with 30 μmol/L WNNOs or GSNO for the times indicated. C, GSNO effects on cAMP accumulation stimulated by β 2 -AR, forskolin, or cholera toxin (CT). The cells were incubated with no drug, 1 μmol/L isoproterenol, 200 μmol/L forskolin, or 1 μg/mL cholera toxin, and cAMP accumulation was determined as described in A. For cholera toxin treatment only, the toxin was added to the culture medium 3.5 hours before adding IBMX. The values shown in these analyses represent the mean±SD of triplicate determinations. Each set of results is representative of at least 3 experiments. January 18, 2013
Potentiation of cAMP accumulation by GSNO was observed when cells were stimulated with ISO, whereas such potentiation was not observed when cells were stimulated with forskolin (a direct activator of adenylyl cyclase) or cholera toxin (a direct activator of Gs protein; Figure 4C ). These results support the hypothesis that GSNO acts specifically on β 2 -AR but not on other downstream signaling molecules, such as G s and adenylyl cyclase.
We next examined whether WNNO7, as well as GSNO, can indeed inhibit desensitization of β 2 -AR signaling. When HEK293 cells stably expressing β 2 -AR were preincubated with ISO (1 µmol/L) for 4 hours, the subsequent ISOdependent cAMP accumulation was attenuated (see control data in Figure 5A ), suggesting that desensitization of ISOstimulated β 2 -AR indeed occurs in our intact cell system. This desensitization was inhibited when the cells were incubated with WNNO7 or GSNO ( Figure 5A ). The desensitization of β-ARs and its inhibition by WNNO7 and GSNO were also observed in rat cardiac myocytes ( Figure 5B ).
Inhibition of GRK-Dependent Phosphorylation and Downregulation of β 2 -ARs by Application of WNNOs
We thus suspected that WNNO7, as well as GSNO, might inhibit desensitization of β 2 -ARs by inhibiting GRK-dependent phosphorylation and downregulation of β 2 -ARs. Indeed, ISO-dependent phosphorylation of β 2 -AR was inhibited when the cells were incubated with WNNO7 or GSNO ( Figure 6A ). Furthermore, ISO-dependent internalization of β 2 -AR, assessed in terms of ISO-dependent decrease of cell surface β 2 -AR measured with ELISA assay, was also inhibited by WNNO7 or GSNO ( Figure 6B ). It is of note that neither GSNO nor WNNO7 increased cell surface expression of β 2 -AR at the resting state ( Figure 6B ), indicating that increase in ISO-dependent cAMP accumulation induced by these agents (Figures 4 and 5) does not result from the increase in β 2 -AR expression at the resting state. Taken together, these results are consistent with the idea that WNNO7, as well as GSNO, can inhibit GRK-dependent desensitization of β 2 -ARs.
S-Nitrosylation of GRK2 by Application of WNNOs
Finally, we investigated whether WNNO7, as well as GSNO, might nitrosylate GRK2. Indeed, WNNO7 and GSNO nitrosylated FLAG-tagged GRK2 in vitro (Figure 7A , left) and in intact HEK293 cells ( Figure 7B, right) , whereas WNNO6 did not significantly. In vitro S-nitrosylation of FLAG-tagged GRK2 by WNNO7 was almost inhibited by C340S mutation (Figure 7B ), suggesting that C340 is the S-nitrosylation site of GRK2 as previously reported. 18 HEK293 cells transiently transfected with β 2 -AR/GRK2-wild type and incubated with small interfering RNA for endogenous GRK2 showed a large orthophosphoric acid (100 μCi/mL) and incubated with 10 μmol/L isoproterenol or no drug. Before the labeling, the cells were preincubated with 30 μmol/L WNNO7, GSNO, or no drug for 24 hours. Phosphorylation of FLAG-tagged human β 2 -AR was determined by autoradiography as described in the Methods section. B, HEK293 cells stably expressing FLAG-tagged human β 2 -AR were incubated with 10 μmol/L isoproterenol for the times indicated, and the cell surface expression of the receptors was quantified by ELISA as described in the Methods section. Before the assay, the cells were incubated with 30 μmol/L WNNO7, 30 μmol/L GSNO, or no drug for 24 hours. The values shown in these analyses represent the mean±SD of triplicate determinations. Each set of results is representative of at least 3 experiments. ISO indicates isoproterenol.
inhibition of desensitization after treatment with WNNO7 or GSNO, whereas cells expressing GRK2-C340S do not do so ( Figure 7C ). These data suggest that S-nitrosylation of GRK2 at C340 is likely to underlie the rescue of β 2 -AR from desensitization at least in part.
Discussion
In our present study, we have developed water-soluble compounds that specifically induce S-nitrosylation. We have found that our WNNOs are indeed stable in water and have S-nitrosylation activity. These WNNOs do not release NO by themselves under neutral aqueous conditions ( Figure 2 ). These WNNOs rescued β 2 -AR signaling after agonist stimulation in a comparable manner with GSNO in HEK293 cells expressing β 2 -AR and in rat cardiac myocytes. The S-nitrosylation reactivity with a model thiol, triphenylmethylthiol, coincided well with the magnitude of the rescue of agonist-activated β 2 -AR signaling, evaluated in terms of cAMP potentiation. This finding supports the hypothesis that S-nitrosylation is involved in the inhibition of the desensitization of β 2 -AR, and the net nitrosylation activities of WNNO7 are comparable with that of GSNO. These compounds also inhibited ISO-dependent phosphorylation and internalization of β 2 -AR in HEK293 cells stably expressing FLAG-tagged human β 2 -AR. Indeed, these compounds nitrosylated GRK2 at C340 and inhibited GRK2-dependent desensitization of β 2 -AR.
Our findings indicate that a strategy of targeting GRK2 with compounds having nitrosylation activity may be a promising approach to block endogenous and exogenous agonist-induced desensitization of β 2 -AR in the pathogenic and clinical settings. 11, 14, 15 Our compounds are expected to be useful biological tools for further studies on agonist-induced desensitization of β 2 -AR. Furthermore, there is considerable theoretical and experimental evidence that nitrogen-pyramidalized N-nitroso 7-azabicyclo[2.2.1]heptane derivatives (such as WNNOs) are not mutagenic, 24 and if this is confirmed, our compounds might also be potential candidates for clinical application.
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